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ABSTRACT 

We present multi-object spectroscopy of young, massive stars in the Local Group galaxy IC 1613. We 
provide the spectral classification and a detailed spectral catalog for 54 OBA stars in this galaxy. The majority 
of the photometrically selected sample is composed of B- and A-type supergiants. The remaining stars include 
early O-type dwarfs and the only Wolf-Rayet star known in this galaxy. Among the early B stars we have 
serendipitously uncovered 6 Be stars, the largest spectroscopically confirmed sample of this class of objects 
beyond the Magellanic Clouds. We measure chemical abundances for 9 early-B supergiants, and find a mean 
oxygen abundance of 12 -i- log(0/H) = 7.90 ± 0.08. This value is consistent with the result we obtain for two 
H II regions in which we detect the temperature-sensitive [O III] A4363 auroral line. 
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1. INTRODUCTION 

IC 1613 is a Local Group d warf irreg ular g alaxy, member 
of the M3 1 subgroup dMcCon nachie & Irwinll20p 6), located 
at a distance of 721 ± 12 kpc (.Pietrzyriski et alJ 12006 ). Its 
low metal content has been derived both from the photometry 
of the intermediate-age population of stars ([Fe/H] ~ —1.3: 
ICole et al. 1999, Rizzi et al. 20 07.) and from H II region spec- 
tra [12-1- log( 0/H) ~ 7.70: iKingsburgh & Barlow! [19951 
iLeeet al.ll200l . 

The evolved stellar populations of IC 1613 have been 
examined in detail from Hubble Space Telescope imaging 
programs. The star formation rate in an outlying field 
1.6 kpc in projection from the galactic center was shown by 
ISkillman et alJ (l2003h to have peaked between 3 and 6 Gyr 
ago, and during the last Gyr it has been supressed if compared 
to the central field studied bv ICole et al.l ( |19 9^. The ongo- 
ing star formation activity is concentrated in an off-center re- 
gion, ~1 kpc to the north-east of the geometrical center of 
IC 1 613, in correspo ndence of the peak of the Hi distribu- 
tion jLake & Skillma n 1989) a nd of the large st concentration 
of Hll region complexes (Hodge et al. 1990), giant ionized 
shells (Meaburn et al. 1988), young stars (Hodge et al. 19913 
and OB associations (Hodge 1 978tlBorissova et al.ll2004l) . 

The young stellar co ntent o f IC 16 13 has been in- 
vestig ated by [S andage & KatemI (1 19761) . iFreedmanI (Il988h 
and Georgiev et al. (1999), among others. More r e cently , 
IValdez-Gutierrez et al. (2001) and Lozinska va et all ( l2003h 
have examined the interplay between young stars and the 
kinematics of the neutral and ionized gas, and the effects of 
stellar winds and supernova explosions on the structure and 
energy balance of the ISM. The presence of numerous OB 

' Based on VLT observations for ESO Large Programme 17LD-0004. 



associations appears to provide sufficient mechanical energy 
to explain the observed expansion of m ost of the superbub - 
bles with in the s tandard framework of Wea ver et al.l (Il977h . 
However. ISilich e t al. (2006) find that the multiple winds and 
supernovae model is not consistent with the observed mass 
and dimensions of the largest, kpc-size Hi supershell. The 
incomplete characterization of the massive stellar population, 
in particular with regard to the spectral types of the OB stars 
that ionize the gas and that blow their stellar winds into the 
interstellar medium, are major limitations for these studies on 
the links between young stars and gas in this galaxy. 

Previous spectroscopic work on the stellar content of 
IC 1613 has focused on the search for Wolf-Rayet (W-R) 
stars and other emiss i on-line objects (Le queux et al. 198j, 
lAzzopardi et"anil988l lArmandroff & MassevI Il99lb. The 
high- excitation W03 star in the Hll region S3 (ISandagd 
1197 lb . in particu lar, has received a great deal of attention since 
its discovery (D'Odorico & Rosa' 1982. Davidson & K inmanI 
1982, Garnettetal. 1991, Kingsburgh & Barlow 1995), and 
remains the only confirme d W-R star i n this galaxy. In addi- 
tion to the early work by iHumphrevsl ([1980) . who obtained 
spectra of 7 of the brightest BA and M supergiants with the 
Kitt Peak 4m telescope, the spectroscopy of a dozen stars in 
the NE quadrant of IC 1613 obtained with the Special As- 
trophysical Observatory 6m telescope has been published by 
iLozinskaya et al.l (l2002h . However, the quality of these spec- 
tra is only adequate for a preliminary spectral classification. 

In this paper we present 3-5 A resolution spectra of 54 OBA 
stars in IC 1613 brighter than V = 20.2, obtained with the 
European Southern Observatory (ESO) Very Larg e Telescope 
(VLT ) in the context of the Araucaria Project (Gieren et alJ 
l2005h . This work follows similar spectroscopic work recently 
carried out by our group on blue supergiants in the galaxies 
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Fig. 1 . — Finding cliart for tlie spectroscopic tai'gets. Different symbols are used for stars in fields A (circles), B (squares) and C (fiiangles). The image has 
been obtained with a Sloan g filter at the MegaPrime imager at the CFHT telescope on Mauna Kea. North is up and east is to the left, (courtesy L. Rizzi and 
B. TuUy) 



NGC 300 (iBresoUn et al.ll2002h. W LM (iBresolin et al.ll2006h 
and NGC 3109 dEvans et al.ll2007h . One main motivation for 
this paper is to present a catalog of spectra and a classification 
of spectral types for the observed targets. This will be useful 
for future spectroscopic investigations of the blue supergiants 
in IC 1613 at higher spectral resolution. Moreover, we carry 
out the first determination of the chemical abundances of blue 
supergiants in this galaxy, by fitting model spectra to the data 
obtained for 9 early B-type stars. The paper is organized as 
follows: in §2 we describe the observations and the data re- 
duction, and in §3 we present the spectral catalog. In §4 and 
§5 we discuss the chemical abundances measured in B-type 
stars and H II regions, respectively. We conclude with a sum- 
mary in §6. 

2. OBSERVATIONS 

Blue supergiant candidates were selected from VI photom- 
etry measured on images obtained with the Warsaw 1 .3m tele- 
sc ope at Las Camp anas as part of the OGLE-11 collaboration 
by lUdalski et al.l (1200 1). The spectroscopy was carried out 
at the VLT UT4 (Yepun), equipped with the Focal Reducer 
and Low Dispersion Spectrograph 2 (F0RS2), on the nights 
of October 26 and 27, 2003. Seeing conditions were variable 
between 0!'8 and 1"3. 

We acquired spectra in three 6f8 x 6f8 FORS2 fields in 
the movable slitlets (MOS) mode (19 slitlets per field, each 
1 arcsec wide and extending ^21 arcsec in the spatial direc- 
tion). We included as many of the brightest blue stars {V < 20, 
y — / < 0.4) found in the three fields of IC 1613 as possible. 




V-I 

Fig. 2. — Location of the spectroscopic targets in the V vs. V — I color- 
magnitude diagram. Different symbols are used for stars in fields A (circles), 
B (squares) and C (triangles). 



A handful of redder or fainter stars were also observed, in 
order to fill up the MOS setup. A finding chart is shown in 
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TABLE 1 
IC 1613 - Spectroscopic TARGETS 





R. A. 


Decl. 










Wy 










SUt Number 


(J2000.0) 


(J2000.0) 


V 


V-I 


Spectral Type 


K/(H + He) 


(A) 


S/N 


(kms-1) 


Comments" 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 




(11) 


Field A 


1 


1 04 48.89 


2 05 59.5 


18.81 


0.17 


AO 11 


0.27 


5.4 


74 


-229 




SKE33 


2 


1 04 50 96 


9 06 99 9 


19.48 


0.38 


A5 11 


0.81 


6.8 


54 


—214 




SK E42 


3 


1 04 52.87 


2 05 50.1 


18^55 


0.44 


A7-F0 lb 


0^95 


5.4 


77 


-235 




SKF33 


4 


1 04 53.84 


2 06 01.9 


19.05 


0.08 


B911 


0.14 


4.7 


68 


-225 




SK 23a 


4b 


1 04 54.29 


2 06 03.1 


18.98 


-0.08 


B51b 


0.20 


3.1 


52 


-276 




SK23A 


5 


1 04 54.41 


2 08 13.7 


18.61 


-0.11 


B31b 


0.13 


2.6 


87 


-230 






6 


1 04 56.17 


2 07 06.1 


18.66 


0.19 


A3 11 


0.59 


6.4 


81 


-228 






7 


1 04 57.92 


2 05 49.9 


18.41 


-0.11 


B2 lab 


0.13 


2.2 


96 


-250 






8 


1 04 59.06 


2 09 17.0 


16.38 


0.10 


A2 la 


0.44 


0.41 


235 


-241 


HIl 


SK A43 


9 


1 04 59.94 


2 10 38.6 


19.19 


-0.16 


B5 lab 


0.17 


2.6 


72 


-223 


HII 


SK 22c 


10 


1 05 00.87 


2 10 43.0 


17.46 


-0.15 


Bl la 


0.20 


1.4 


159 


-255 


HH 


SK22A 


11 


1 05 03.39 


2 09 47.2 


18.08 


0.07 


B91a 


0.30 


1.7 


110 


-241 


HH 




12 


1 05 04.99 


2 08 35.4 


18.78 


-0.14 


B 1.5 lab 


0.17 


2.1 


89 


-226 


HII 


SKC52 


13 


1 05 06.21 


2 10 44.8 


19.02 


-0.24 


03-04 V((f)) 


0.23 


2.2 


82 


-240 


HII 


SK22b 


14 


1 05 07.51 


2 11 32.4 


19.85 


0.13 


Be 


<0.25 


in em. 


52 


-210 






15 


1 05 08.74 


2 10 01.1 


19.35 


-0.24 


09.5 111 


0.32 


1.7 


74 


-279 


HII 




16 


1 05 10.10 


2 12 31.3 


18.90 


-0.18 


early B lb 




2.9 


86 


-233 






17 


1 05 11.13 


2 12 25.0 


19.33 


0.21 


Be 




in em. 


65 


-195 






18 


1 05 13.50 


2 09 05.3 


19.23 


-0.18 


Bllab 


0.17 


2.3 


70 


-229 


Hn 




19 


1 05 15.05 


2 10 45.0 


20.19 


0.14 


Be 


0.73 


in em. 


43 


-206 






Field B 


1 


1 04 59.44 


2 10 23.2 


19.57 


0.04 


B911 


0.23 


6.3 


60 


-253 


HH 


SK A19 


2 


1 05 03.03 


2 10 06.1 


19.68 


-0.27 


05-06 V 


0.34 


1.2 


66 


-229 


HII 


S17'' 


3 


1 05 06.34 


2 09 32.9 


17.81 


-0.14 


BO la 


0.12 


1.4 


154 


-250 


HII 


SKB42 


4 


1 04 59.52 


2 09 17.6 


18.27 


-0.20 


B1.5Ia 


0.19 


1.8 


114 


-243 


HII 


SKA42 


5 


1 04 57.98 


2 09 01.2 


19.61 


0.03 


Be 




in em. 


57 


-257 


HII 


SK32b 


6 


1 05 02.16 


2 08 36.5 


18.82 


-0.05 


Bl la 


0.19 


1.5 


92 


-268 


HII 


SK38a 


7 


1 05 01.95 


2 08 06.5 


18.99 


-0.29 


091 


0.14 


2.2 


87 


-241 


HU 


SK38b 


8 


1 04 48.63 


2 07 43.3 


19.50 


-0.01 


B81b 


0.10 


3.6 


63 


-249 




SKD31 


9 


1 04 56.38 


2 07 17.8 


19.72 


0.18 


A3 11 


0.57 


7.7 


53 


-232 






10 


1 04 49.93 


2 07 04.7 


18.94 


-0.01 


B8Iab 


0.10 


3.3 


84 


-236 




SKE46 


11 


1 04 43.82 


2 06 46.1 


18.68 


-0.16 


09.51 


0.23 


2.2 


93 


-257 


Hn 


SKL 


12 


1 05 01.72 


2 06 20.7 


19.03 


0.13 


Be 




in em. 


80 


-225 




SKJ46 


13 


1 05 05.70 


2 05 49.6 


18.56 


-0.10 


B5Iab 


0.15 


2.2 


98 


-221 




SKPeM 


14 


1 04 56.69 


2 05 36.0 


19.32 


-0.23 


BO lab 


0.08 


2.2 


74 


-228 




SKH33 


15 


1 04 58.28 


2 05 10.5 


18.52 


0.14 


AO 11 


0.31 


5.6 


98 


-267 


HII 


SKH34 


16 


1 04 57.64 


2 04 45.2 


18.80 


-0.14 


B 1.5 lab 


0.18 


2.3 


91 


-242 


Hll 


SK H8 


17 


1 05 01.62 


2 04 21.1 


19.90 


-0.13 


W03 




in em. 


47 


-245 


rai DR1'= S3'' 


18 


1 04 50.11 


2 03 51.0 


19.78 


0.09 


B911 


0.11 


5.5 


51 


-250 






19 


1 04 51.52 


2 03 44.8 


19.94 


0.01 


Be 


0.37 


in em. 


47 


-245 






Field C 


1 


104 31.75 


2 12 11.1 


18.11 


0.11 


A211 


0.34 


6.1 


72 


-269 






2 


1 04 28.07 


2 10 24.0 


19.58 


0.17 


A3 11 


0.61 


7.0 


35 


-254 






3 


1 04 29.35 


2 10 37.0 


19.76 


0.26 


A3 11 


0.71 


7.5 


31 


-259 






4 


1 04 29.87 


2 09 51.5 


20.14 


-0.08 


B811 


0.15 


4.7 


28 


-249 






5 


1 04 36.22 


2 1 1 27.7 


18.18 


0.52 


A V 


0.81 


3.2 


57 


17 






6 


1 04 32.45 


2 09 33.1 


18.83 


-0.07 


Bl la 


0.22 


1.5 


57 


-245 


HII 




7 


1 04 37.09 


2 10 04.0 


19.04 


-0.24 


Bl la 


0.20 


1.9 


48 


-262 






8 


1 04 27.84 


2 07 09.2 


19.90 


0.18 


A3 11 


0.62 


7.8 


30 


-232 






9 


1 04 38.63 


2 09 44.4 


19.02 


-0.27 


08 lll((f)) 


0.18 


2.0 


52 


-258 






10 


1 04 43.35 


2 10 23.4 


18.82 


-0.23 


B1.5 lb 


0.21 


2.7 


56 


-272 






12 


1 04 46.71 


2 09 59.4 


16.39 


0.66 


G2 


1.03 


2.3 


130 


-96 






13 


1 04 48.98 


2 10 24.8 


19.80 


0.14 


early A 11 




8.2 


32 


-227 






14 


1 04 50.05 


2 09 51.8 


19.13 


-0.16 


B21b 




2.5 


47 


-232 






15 


1 04 43.99 


2 07 33.0 


15.69 


0.91 


G8 


1.00 


2.1 


156 


-78 




SKD51 


16 


1 04 47.17 


2 07 54.2 


18.54 


0.39 


A51b 


0.82 


5.9 


55 


-236 


HII 


SKD22 


17 


1 04 53.76 


2 0917.1 


19.27 


0.11 


early A 11 




7.1 


43 


-239 






18 


1 04 48.88 


2 07 13.8 


19.59 


-0.02 


B511 


0.09 


3.7 


37 


-224 




SKD28 


19 


1 04 54.61 


2 08 31.1 


18.89 


-0.22 


composite 


0.26 


1.7 


55 


-240 







Note. — Units of right ascension are hours, minutes, and seconds, and units of dechnation are degrees, arcminutes, and arcseconds. 
^ SK numbers from Sandage & Katem (1976). The presence of nebular lines contaminating the stellar spectra is noted with Hll.^ H ii regions from Sandage 
(1971).'^ W-R star discovered by D'Odorico & Rosa (1982). 
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TABLE 2 
Observing log 





Center (J2000.0) 






Exposure 


Field 


R. A. 


Decl. 


Grism 


Date 


Time (s) 


A... 


01 05 01.6 


02 09 02 


600B 


10-26-2003 


3x2400 








1200R 


10-26-2003 


3x2700 


B... 


01 04 57.1 


02 07 08 


600B 


10-27-2003 


3x2700 








1200R 


10-27-2003 


3x2700 


C... 


01 04 38.9 


02 09 07 


600B 


10-26-2003 


2x1800, 1x700 



1 200R 1 0-27-2003 2 x 1 200, 1 x 1 800 



Fig. [T] while target coordinates, photometric measurements 
and other derived parameters are presented in Table [T] Fig.|2] 
shows the location of the spectroscopic targets in the color- 
magnitude diagram. Throughout this paper we adopt the con- 
vention of appending the slit number (1 to 19) to the field 
identification (A, B or C) to label our spectroscopic targets. 
Our field A is centered on the NE quadrant of IC 1613, where 
the majority of the young stars and H II regions are located. 
Field B covers most of the central bar-like structure that runs 
from the SE to the NW, while field C extends to the west of 
these two main structures. Two stars were included in the 4th 
sUtlet of field A, and are labeled as A4 and A4b. Star Cll was 
too close to the slitlet edge to provide a meaningful extraction, 
and therefore it does not appear in Table [T] 

The spectroscopy was carried out using two different 
grisms: the 600B to cover the blue wavelengths (in particu- 
lar the 3600-5000 A range, which is critical for the spectral 
classification) at 5 A resolution, and the 1200R to cover the 
region around the Ha line at 3 A resolution. The integra- 
tion times varied among the different fields and setups, and 
are summarized in Table |2] As field C contained our lowest- 
priority targets, the exposure times were shorter than in the 
remaining two fields. The airmass of IC 1613 was also larger 
during the spectroscopy of field C, exceeding a value of 1.6. 
For fields A and B the airmass varied between 1.1 and 1.5. 

We have used standard long-slit spectroscopy tasks within 
IRAF^ for bias and flat-field corrections, wavelength calibra- 
tion and extraction of the spectra. C osmic rays were re - 
moved with the L. A. COSMIC routines by lvan Dokk um (20011). 
The mean signal-to-noise ratio (S/N) of the resulting aver- 
aged, normalized spectra is reported in column 9 of Table [T] 
The heliocentric radial velocities measured from the spectral 
lines (column 10) are in all cases but 3 in good a greement 
with the H I systemic velocity of —234 ± 1 kms^' dLu et al.l 
[1993 ). Excluding stars C12 and C15 (2 foreground G stars) 
and C5 (presumably a Galactic halo A star), we obtain a 
mean radial velocity of —241 ± 18 kms^'. With an uncer- 
tainty of ~10 kms^' on the radial velocities, and a maxi- 
mum rotational velocity of ^20 km s^' from H I observations 
dLake & Skillman 1989, Hoffman et al. 1996), we are finding 
no hints of galactic rotation from our stellar data. 

Cross identification w ith the bright star catalog of 
ISandage & KatemI (Il976h is given in column 1 1 of Table [T] 
We also indicate the presence of spatially extended nebular 
emission superposed on the stellar spectra. In some cases this 
contamination strongly affects the stellar lines, in particular 
those of the Balmer series. 

^ IRAF is distributed by the National Optical Astronomy Observatories, 
which are operated by the Association of Universities for Research in As- 
tronomy, Inc., under cooperative agreement with the National Science Foun- 
dation. 



3. SPECTRAL CATALOG 

The philosophy behind the classification of extragalactic 
early-type stars has b een discussed at length in our previ- 
ous works on WL M (iBresolin et all 12006) and NGC 3109 
jEvans et al.ll2007l) . We recall here that for B stars we fol- 
low 'Lennon' ('1997'), and for A supergiants we adopt the cri- 
teria from Evans & Howarth (2003) and Evans et al. (2004). 
The classification of O stars is based upon Walborn ( 1 9711) . 
IWalborn & Fitzpatrickl (IT990) and Walborn et al, (2000) . Lu- 
minosity classes for B and A stars are determined from 
the equiva l ent w idth of H7 (Wy), following the criteria by 
lAzzopardil ( ll987h . 

The spectral classification of the 57 stars included in this 
work are given in column 6 of Table [1] together with the 
Ca II K/(Ca II H H- He) ratio used for classifying A stars (col- 
umn 7) and Wy (column 8). The blue region (3750 A to 
5000 A) of the normalized stellar spectra is shown in Fig.|3]- 
[8] in order of decreasing temperature (spectral type O to G). 
Emission-line stars are shown in Fig. |9]and[T0l In these fig- 
ures we identify the main H, He and metal lines that are used 
in the classification procedure. 

3.1. Comments on selected stars 

We provide here brief comments on some peculiar or out- 
standing stars presented in Table [T] and shown in Figures [3} 
[Tol Absolute magnitudes are derived from a distance modu- 
lus (m-M)n = 24 291 ± 0.035 and E(B-V) = 0.090 ±0.019 
dPietrzvnski et al.ll2006l) . 

A8 (A2 la). — This is the visually brightest star in IC 1613 
at My = -8.2. Sandage & Katem ( 1976) suggested that this 
star (their A43) is a foreground field star, but its rad ial velocity 
was fo und to agree with the systemic velocity by iHumphrevsl 
(imh . who assigned a AO la spectral type. The Ha (not 
shown) and Hj3 lines are in emission, with P Cygni profiles. 
The other non-Be stars with strong wind emission in Ha are 
the Bl supergiants B6 and C6. 

A\Q (B1 /flj.— Star 22 A in the Ust of ISandage & KatemI 
( Il976l) . it was found by these a uthors to be the brig htest blue 
star in IC 1613 {My = -7.1). Humphreysl d 19800 classified 
this star as B2-B3 I. We assign the earlier Bl type, from the 
detection of Si IV AA4089, 41 16 (the latter line blended with 
HelA4121), and the lack of Hell lines. 

A\2> (03-04 V((f))). — The earliest star in our sample shows 
no evidence of He I in its spectrum, except perhaps a weak 
HelA4471 line. Since nebular lines (e.g. [Olll]A5007) ai-e 
present in our spectrum, this lack of He I lines could be due 
to line in-filling. The strong HellA4686 absorption and the 
weak N III AA4634-4640-4642 emission lines lead to the ((f)) 
classification. A weak NlvA4058 in emission is detected. 
The absolute magnitude of this star. My ~ —5.5, is consistent 
with the dwarf classification (IContilll988l) . 

B2 (05-06 Vj.— This O star displays He I fines in its 
spectrum, with HellA4200 > HelA4026 (the two lines 
are of equal strength at class 06). Its value of 
logW' = logW(HelA4471) - log W(He ll A4542) = -0.42 
corresponds to an 05.5 type (Conti 1988). This star is the 
likely ionizing source of the surrounding Hll region S17 
(Sandage 1971), whose chemical abundance is derived in Sec- 
tion |5] The contamination by the nebular lines is causing 
in-filling of the He I lines, therefore the spectral type can be 
somewhat la ter than 05-0 6. From the Ha luminosity of S17 
published bv lHodge et aP 41990) . log L(Ha) = 36.96 erg s-\ 
we derive the number of Lyman continuum ionizing photons 
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Fig. 3.— Normalized spectra of the O and BO stars. The spectral features identified are He II AA4200, 4542, 4686 (below A13)- He I AA3820, 3867-3872, 
3926, 4009, 4026, 4121, 4144, 4388, 4471, 4713, 4922 (below Al 5); Balmer lines from H/3 to Hll, and the CallK (A3933) and H (A3968) lines (below Bll); 
Si IV AA4089, 41 16, Si III AA4553, 4568, 4575, N III AA4634, 4640-4642, C III A4650 (below B3). Here, and through Fig.|9] ordinate tick marks are drawn at 
intervals of 0.2 continuum flux units. 

log Q(H*') = 48.82. This corresponds to the ionizing flux out- 
put of an 06.5 V star (Martins et al. 2005). 



B3 (BO la). — The third bri ghtest blue supergiant ( My = 
-6.8) is star B42 in the list by Sandage & KatemI ( 11976) . Our 
BO classification derives from the presence of He H AA4542, 
4686 in its spectrum, with He n A4542 < Si HI 14553 (the two 
lines are of equal strength at 09.7). The stellar spectrum is 
heavily contaminated by nebular lines (see, for example, the 
fiUed-i n Hj3 line and [Olll]A5007 in emission). iHumphrevsl 
(119801) obtained a spectrum of this star, and assigned a BO 
classification based on two-color photometry. This is the only 



star we have in common with iLozinskava et al.l ( l2002h . who 
classified it (their star 1.1) as an O supergiant. 

BIT (W03). — The Wolf-Rayet features in the bright star 
embedded in the Hll region S3 were studied for the first 
time by D'Odorico & Rosa (1982, hence the name DRl) and 
iDavidson & Kinmarn (il982) . Spectra of this star have been 
discussed, among others, byjArmandroff & Massey (1991), 
who classified it as \VC4-5. lOarnett et alj (1199U W04) and 
iKingsburgh & Barlow! (1 19951 W03), whose classification we 
adopt. The spectrum (Fig. [Tol l is characterized by high- 
excitation nebular lines (including He n AA4542, 4686, 5412) 
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Fig. 4.— Normalized spectra of early-B stars (B1-B1.5). The spectral features identified are SilV AA4089, 4116, Sim AA4553, 4568, 4575, NlII AA4634, 
4640-4642, C III A4650 (below AW); Balmer lines from H/3 to Hll, and the CallK (A3933) and H (A3968) lines (below B6); He I AA3820, 3867-3872, 3926, 
4009, 4026, 4121, 4144, 4388, 4471, 4713, 4922 (below C7). 

superposed on broad stellar lines from C IV, O V and O VI. 

C5 {A Y). — This star has a highly discrepant radial veloc- 
ity, VHeiio = +17 km s^', and its spectrum is characterized 
by narrow Balmer lines and very weak metal lines, with the 
exception of Ca II K. A halo dwarf A-type star or a lower- 
gravity, evolutionarily more evolved field horizontal branch 
star would both match these properties. Disentangling these 
two possibilities from linewidth measurements, even at higher 
resolution, is unfeasible for the coolest (fi — V > 0.2) A stars^ 



' We follow the terminology of IWilhelm et al.l <1999bl) and other works 
dealing with halo stars by including in the A-type class stars as cool as 



d Arnold & Gilmorelll992h . However, f/BV photometry can 
be used to constrain Xg and surface gravity, and we note 
th at in the (U — B)o vs. (B — V)o color-color diagram shown 
by IWilhelm et al.l (Il999bl) in their extensive study of A-type 
stars in the halo star C5 would fall in the A V domain. We 
adopted -B -0.18 and B - V = 0.37 (A. Herrero, private 
communication), a nd a Galactic re ddening towards IC 1613 
E{B - y) = 0. 025 (ISchlegel et al.|[l998.) . We have used the 
model grid by IWilhelm et al.l (Il999ah to obtain approximate 
values of the stellar parameters from the UBV colors and the 

= 6000, i.e. what would be traditionally called F-type stars. 
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Fig. 5. — Nomialized spectra of early- to mid-B stars (B1.5-B5). The spectral features identified are Sim AA4553, 4568, 4575, NlII AA4634, 4640-4642, 
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equivalent width of the Ca II K line. Our results, 7^^ = 6750 K, 
\ogg = 4.0, and [Fe/H] = —2.0, confirm that C5 is a dwarf 
star From an absolute magnit ude My = 3 .6, cor responding to 
the star's {B - V)q color ( Sc hmidt-Kaledl 1 9821) . we derive a 
distance of 8.1 kpc. We note that the Ca II K/(Ca II H H- He) 
criterion provides an A5 classification. 

Be stars — The group of 6 stars in Fig. |9] displays simi- 
lar characteristics, with Balmer lines, as well as several Fe II 
lines, in emission. While Ha and Hj3 are in emission for all 
stars, Hyprogresses from a filled-in profile to an emission line 
as EW(Ha) increases. The strength of the Fe II emission ap- 
pears to be correlated with that of the H lines. The He I A5876 



is seen in emission in all stars. The simultaneous presence 
of H, He and iron emission lines in B stars is co nsistent with 
the Group 1 Be classification of Ij aschek et al.l ([T980.) . The 
definition of the B sub-class is made highly uncertain by the 
broadening of the lines (due to high rotational velocities) and 
the superposition of the Fe II A A 4549-4556, 4583 emission 
lines, originating in the surrounding shells, on top of the pho- 
tospheric Si II A A 4553, 4568, 4575 Hues. However, Be stars 
belonging to Group 1 are mostly of early-B type (B0-B3), and 
we detect a broad feature corresponding to the CNO blend at 
^ 4650 A, found in early-B stars. We also detect He II A4686 
in a few cases (e.g. A19, A17), pointing to an earlier, Oe star 
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Fig. 6. — Normalized spectra of mid- to late-B stars (B5-B9). The spectral features identified are Balmer lines from H/3 to HI 1, and the Ca II K ( A3933) and 
H (A3968) lines (below BIO); Hel AA4026, 4121, 4388, 4471 and Mgll A4481 (below All). 



classification jConti & Leep| [T97?). Absolute visual magni- 
tudes range between My = -5.6 (B12) andMv = -4.4 (A19). 
These values are com parable to those found for the brightest 
Be stars in the SMC CMartav an et al.ll2007h . The large num- 
ber of Be stars found in our study tends to confirm the trend 
of i ncreasing frequency of Be stars with decreasing metallic- 
ity dMaeder et alJl999tlWisniewski & Biorkmaniriooe ). 

G stars— Both C12 (type G2) and C15 (type G8, not shown 
in the spectral catalog) have a radial velocity which is dis- 
crepant with respect to the systemic velocity of IC 1613, as 
well as a bright apparent magnitude (V = 16.39 and 15.69, 
respectively), indicating that they are foreground Milky Way 



stars. The classification is based o n the strength of t he G- 
band and Fe I A4325 relative to Hy (lEvans et alJl2004 . The 
photometric parameters for these stars violate the criteria we 
use to select blue supergiants in external galaxies. These ob- 
jects were included in the spectroscopic sample in order to fill 
otherwise unused slitlets of our MOS setup. 

4. STELLAR ABUNDANCES: B SUPERGIANTS 

For the 9 early-B supergiants with the highest signal-to- 
noise ratio we have derived stellar parameters and metal abun- 
dances by comparing our observations w ith model spectra ob- 
tained with the FASTWIND code (Santolava-Rev et all 1 19971 
iPuls et al]|2005h . Our procedure has been explained in de- 
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4395-4399, 4444, and Cm AA4588, 4559 (below CI). 

on the order of 0.2-0.25 dex. However, combining the infor- 
mation obtained from several stars, we can still obtain a mean- 
ingful picture of the content of the most abundant elements, 
in particular oxygen, in galaxies at relatively large distances, 
and verify, within the above-mentioned limits of precision, the 
presence of chemical inhomogeneities and the agreement with 
chemical abundances obtained with alternative means, in par- 
ticula r from the emission lines of H 11 regions dBresolin et alj 
l2006h . 

The modeling with FASTWIND provides us with effective 
temperatures iXg) from the helium (late-0 stars) and sili- 
con (early-B stars) ionization equilibria, while fits to the 



tail by lUrbaneia et"aLl ( l2003l l2005h . and has been recently 
used for the analysis of B sup ergiants in W LM dBresolin et al.l 
l2006l) and NGC 3109 (Evans et al.ll2007l) . As already men- 
tioned in these papers, our best-fit models are those that pro- 
vide the overall best match to the ensemble of metal lines 
present in the spectra, while some of the individual lines might 
be still not well reproduced. At the low abundances encoun- 
tered in the dwarf irregular galaxies that we have so far ana- 
lyzed [12 + log(0/H) < 8.0], the low spectral resolution and 
the limited signal-to-noise ratio that are available to us con- 
spire to increase the uncertainty in the metallicity measure- 
ments, which for a single chemical element in a given star is 
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Fig. 8. — Normalized spectra of mid-A to G stars (A3-G2). The last two stars shown, C5 and C12, are foreground Galactic objects. The spectral features 
identified are Si II AA3856-3862, 4128-4132, Fe II A A3945, 4024, 4173-4178, 4233, 4385, 4417, 4473, 4489-4491, 4549, 4583, 4923, and Ti II A A4028, 4418, 
4469-4471 (below C3); FellAA3914, 4273, 4303, 4556, TillAA3913, 4300, 4395-4399, 4444, and CrllAA4588, 4559 (below A2); Fe II AA4666-4669, 
Fel A4957, and Cal A4226 (below A3). 

line blends that are present in the optical range, especially 
originated by oxygen atoms, is used to determine the metal 
content even when individual lines cannot be resolved in our 
spectra. For the He abundance we rely on He I AA4026, 4388, 
4471, 4921, 5015, 5048 and 6678 (the other lines have un- 
certain broadening data). The reddening for each star has 
been derived from a comparison of the observed VI and JK 



Balmer line profiles are used to determine surface gravi- 
ties (log g). Among the additional parameters that are es- 
timated by the fitting procedure are the microturbulent ve- 
locity, Uturb (using a combination of He I and the Si ll/lll/iv 
lines) and the abundances of various metals. The main 
abundance diagnostics used in this work are CnAA6578- 
6583; NiiAA3995, 5050, 5100; oiiAA4072-4076, 4317- 
4319, 4414-4416; MgiiA4481; Si iiiAA4553-4575. One or 
more of these features are not always available with sufficient 
S/N to provide strong contraints on the chemical abundance. 
However, the large number of additional faint metal lines and 



m agnitudes (the latter extr acted from the near-lR photometry 
by iPietrzviiski et aTl 120061) with the spectral energy distribu- 
tion of the best-fittin g FASTWIND models, and adopting the 
ICardelli et al] (119891) extinction law with Ry ^3.1. We ob- 
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the profile of the Ha line, using different vertical stretches. The equivalent width of the line, Wa , is indicated to the left of each profile. The spectrum of star B5 
is affected by nebular emission. 

tain rather low values for E{B — V), with a mean value of 
0.06 ±0.03, similar to the result of 0.09 ± 0.02 obtained inde- 



pendently in our Cepheid study (Pi etrzvhski et al.,i200 6). 

Our results are summarized in Table |3] where the chemical 
abundances of C, N, O, Mg and Si are expressed with the nota- 
tion ex = 12 + log(X///). The distance-depe ndent parameters 
assume a distance to IC 1613 of 721 kpc (iPietrzyhski et al.l 
I2OO6). Our estimated errors are 1000 K in T^^^, 0.1 dex in log^, 
and vary between 0. 17 dex and 0.25 dex in metal abundances. 
Spectroscopic masses Mspec are lower limits, due to the fact 
that at the FORS spectral resolution we cannot determine cor- 
rections to the gravities that account for the stellar rotational 
velocities. The sensitivity of the derived chemical abundances 
to the different stellar parameters for stars of similar T.ff and 
from similar data as ours have been presented in detail by 



lUrbaneja etaH (l2005h and lEvans et al.l (l2007l) . and will not 
be repeated here. In Fig. [TT| and [12] we plot the adopted final 
models on top of the observed spectra for the 9 B-type super- 
giants we have analyzed. Fig. [T3]presents a comparison be- 
tween the spectrum of the B2 lab star A7 in the 4300-4700 A 
wavelength range and FASTWIND models calculated at the 
adopted metallicity (for oxygen: Eq = 7.85 ±0.25, dotted line 
in the center), and at 0.2 dex higher (top) and lower (bottom) 
metal abundances. This example is a typical case: while over- 
all the strength of the observed spectral features agree with 
the adopted model, some features (e.g. [O ll] AA4415-4417 
for this star) are better reproduced with the 0.2 dex higher 
abundance, while others (e.g. [O n] AA43 17-43 19 in this ex- 
ample) would suggest a slightly lower abundance. 
The mean oxygen abundance of the stars in Table [3] 
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TABLE 3 

Physical PARAMETERS of B supergiants 



Properties 


A7 


AlO 


A12 


A18 


B3 


B4 


Bll 


B13 


B16 


Spectral type . . . 
T^ffCKf 


B2Iab 


Bl la 


B1.5 lab 


Bl lab 


BO la 


B1.5 la 


09.5 lab 


B5 lab 


B 1.5 lab 


19500 


25000 


23000 


21000 


24500 


22500 


30000 


17000 


21000 


log g (cgsf 


2.55 


2.70 


2.75 


2.70 


2.65 


2.60 


3.20 


2.30 


2.75 


R/Rr., 


30±3 


38±3 


24±2 


19±2 


32±3 


27 ±2 


19±1 


31±3 


25 ±3 


B.C 


-1.89 


-2.47 


-2.32 


-2.08 


-2.42 


-2.19 


-2.19 


-1.57 


-2.09 


Mbol 


-7.93 


-9.55 


-8.13 


-7.14 


-9.10 


-8.26 


-8.80 


-7.40 


-7.86 


log L/Lp 


5.07±0.18 


5.71±0.14 


5.15±0.16 


4.75±0.18 


5.53±0.I4 


5.20±0.15 


5.42 ±0.11 


4.86 ±0.20 


5.04±0.16 


Mspec/Mp 


12±5 


27 ±10 


11±5 


7±3 


19±7 


11±4 


21±7 


7±3 


13±6 


E{B-V) 


0.04 


0.08 


0.11 


0.00 


0.06 


0.04 


0.09 


0.03 


0.10 


Uiurb (kms-') . . . 


10 


15 


12 


15 


12 


15 


15 


10 


15 


Yue 


0.08 


0.08 


0.10 


0.08 


0.08 


0.10 


0.08 


0.10 


0.08 


ec 


7.15±0.20 


<7.30 


<6.90 


7.20 ±0.20 




6.95 ±0.20 


7.20 ±0.20 




7.00 ±0.20 


En 


7.40 ±0.25 


7.10±0.20 


7.10±0.20 


<7.65 


< 7.20 


7.00 ±0.20 


7. 10 ±0.20 




7.30 ±0.20 


eo 


7.85 ±0.25 


7.85±0.17 


7.85±0.17 


7.90 ±0.20 


7.95 ±0.20 


8.00 ±0.20 


8.00 ±0.20 




7.80 ±0.20 


eMe 


6.80 ±0.20 


< 6.90 


<6.75 


< 6.75 




< 6.60 




6.90 ±0.20 


6.75 ±0.20 


esi 


6.65 ±0.20 


6.90 ±0.20 


6.65 ±0.20 


6.60 ±0.20 


6.65 ±0.20 


6.60 ±0.20 


6.60 ±0.20 


6.60 ±0.20 


6.60 ±0.20 


[0/H]'= (dex) . . . 


-0.85 


-0.85 


-0.85 


-0.80 


-0.75 


-0.70 


-0.70 




-0.9 



Note. — Abundances are expressed as £x — 12 + log(X/H). 
" Enor: ±1000 K.'' Error: ±0.10."= Adopting eo. ;, = 8.66 lAsplund et aU2004l> . 

is 12H-log(0/H) = 7.90 ± 0.08. In Section S we ob- 
tain from two Hll regions an average nebular abundance 
12 H- log(0/H) = 7.73 ± 0.03. In view of the errors, we regard 
the slight discrepancy as not significant. The median oxygen 
abundance of the B supergiants of 7 .9 compares to very simi- 
lar values of 7.9 obt ained in WLM dBresoUn et al.ll200&) and 
of 7.8 in NGC 3109 (lEvans et allllOOTlK 

Regarding the additional chemical elements, in several 
cases we could only obtain upper limits to their abundances, 
except for silicon. Nitrogen abundances could be measured 
for 6 stars. They are considerably higher than the H ll re- 
gion values of 12 -h log(N/ H) = 6.5-6.7 (iLee et al.l llOOl 
iKingsburgh & Barlowl Il995h . by up to ~0.7 dex. Nitro- 
gen enrichments of comparable size are found in samples 
of B supergiants in, for example, the SMC (iTrundle et al.l 
12001 . Excluding upper limits, the mean abundances 
(by number of particles) of the remaining elements rela- 
tive to oxygen, log(C/0) = -0.8, log(Si/0) = -1.20 and 



log(Mg/0) = - 1.05, are also comp arable to the SMC B su- 
pergiant values (iDufton et al.ll2005l) . 

5. NEBULAR ABUNDANCES 

Several of our stellar spectra show contamination by nebu- 
lar lines, as summarized in the last column of Table[T] This of- 
fers us the possibility of comparing H 11 region chemical abun- 
dances with the metallicities derived for the supergiant stars. 
In order to determine accurate nebular abundances, the knowl- 
edge of the electron temperature of the gas, Te, is necessary, 
since the emissivities of the forbidden lines used for nebular 
abundance work strongly depend on it. At low metallicity the 
auroral-to-nebular Une ratio [Olll] A4363/( A4959H-A5007) 
can be used for such purpose. However, the H II regions in 
IC 1613 are of low surface brightness, making it difficult to 
detect the faint A4363 auroral line. Abundance measurements 
based on this li ne have been carried out in the H 11 region S3 
(ISandagdll97ih by several authors, thanks to the high degree 
of excitation of this nebula, ionized by the hot W03 star de- 
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scribed previously, that makes the [O Hi ] lines very strong. 
In their early work Davidson & KinmanI (|1982|) obtained an 
oxygen abundanc e 12 + log(0/H) = 7.87 , while mo re modern 
measurements by lKingsburgh & Barlow! (Il995h and lLee et alJ 
(120031) are in the range 12 + log(0/H) = 7.62-7.70. Work on 
additional H n regions has derived chemical abundances from 
bright-line methods and comparisons of the line flux ratios 
to photoionization model results, without a direct measure- 
ment of the electron temperature. In particular, the chemi- 
cal ab undance for the supernova r emnant SB has been stud- 
ied by oWorico'&DoBitSllilll 12-Hlog( O/H) = 7.60) and 
ieimbert et al. ( 19881 12H-log(0/H) = 7.83). lLee et al.l(l2003h 
determined 12 + log(0/H) = 7.90 for region #13 (iHodge et al l 



Il990h from the R23 method. A N/O ratio enhanced relative 
to other low-luminosity dwarf irregular galaxies, in the range 
N/O = 0.07-0. 12, is found in the papers cited. 

Two stars in our sample are associated with H II regions in 
which we have detected [Oni]A4363: B17 (Hll region S3) 
and B2 (H n region S17). For the spectral extraction of these 
two Hll regions we have avoided the stars, thus producing 
nebular spectra that are unaffected by strong stellar continua 
(Fig. [T4I 1. As already known since the early studies of the 
W03 star DRl and its associated nebula (iD'Odorico & Rosal 
119821: iDavidson & Kinrrianlll982h . the high-excitation spec- 
trum of S3 contains the rare He n A4686 line. In our spectrum 
we have also detected the fainter Hell A4542 and A5412 
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The emission line intensities, measured after flux- 
calibration of the spectra, and normalized to l(Hj3) = 100, are 
presented in Table |4] The B aimer decrement, measured by the 
Hy/HjS and H5/Hj3 line ratios, is consistent with a negligible 
amount of extinction for both H II regions. We have derived 
the electron temperature for the 0++-emitting zone, T(0 III), 
from the [Olll] A4363/( A4959+A5007) ratio and assuming 
the low-density regime (N^ = lOOcm-3), using the nebular 
package in IRAF. Our value for S3, T, = 18300 ± 400 K , 
compares well with Te = 17910 K given bv lLee et al.1 (l2003h . 
and is shghtly higher t han Te = 17100 ± 500 K reported by 
iKingsburgh & Barlow! (Il995l) . The temperature of the 0+- 



emitting zones, r(Oll), h as been derived from r(Olll) and 
the relations published bv llzotov et al.l (l2006l) . The oxygen 
ionic abundances, 0+/H+ (obtained from [Oll]A3727/Hj3) 
and 0++/H+ (from [O III] A5007/HJ3), together with addi- 
tional parameters, are summarized in Table |5] 

For the Hll region S17 the total oxygen abundance 
is given as the sum 0+/H+ H-0++/H+, and we ob- 
tain 12H-log(0/H) = 7.78 ± 0.05. For the high ex- 
citation region S3 we need to account for the con- 
tribution of 0^+, which is not observed in the opti- 
cal range. To estimate an ioniz ation correction fac- 
tor (ICF) we have followed IKingsburgh & Barlow! 
(fT99l : ICF(O) = (1 + He++/He+)2/3 = 1.24. With 
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TABLE 4 

H II REGIONS : REDDENING-CORRECTED LINE FLUXES 



Ao(A) Ion S3 S17 



3727 [Oil] 93 ± 5 299 ± 15 

3869 [Nelll] 55 ± 3 10.9 ± 0.9 

3889 Hl + Hel 18.6 ± 0.9 20.4 ±1.2 

3969 Hl + [Nelll] 34 ± 2 22.7 ± 1.4 

4026 He I 1.8 ±0.3 

4072 [SlI] 1.2 ±0.4 

4101 Hi 27 ±1 26 ±1 

4340 Hi 50 ±2 49 ± 2 

4363 [Olll] 15.1 ±0.6 3.9 ± 0.4 

4471 He I 3.6 ±0.2 3.2 ± 0.4 

4686 Hen 24.1 ±0.9 

4711 [Ai-IV] 3.5 ±0.2 

4740 [ArlV] 2.7 ± 0.2 

4861 Hi 100 ±4 100 ±4 

4922 He I 1.04 ±0.32 

4959 [Olll] 183 ±7 73 ± 3 

5007 [Olll] 521 ±20 221 ± 9 

5412 Hell 2.4 ±0.2 

5876 He I 7.1 ±0.4 11.4 ±0.7 



Note. — Fluxes are normalized to H/3 = 100. 

TABLE 5 
H II REGIONS: DERIVED PARAMETERS 



S3 S17 



r(0 III) 18300 ± 400 14500 ± 700 

r(0 II) 14900 ± 50 13600 ± 400 

0+/H+ (7.0±0.1) X 10"*" {3.4±0.3) X 10-^ 

0++/H+ (3.5 ± 0.2) X 10-5 (2.6 ± 0.3) x 10"^ 

He+/H+ 0.057 ± 0.004 0.092 ± 0.007 

He++/H+ 0.022 ±0.001 

ICF(O) 1.24 1 

12 + log(0/H) 7.63 ± 0.02 7.78 ± 0.05 

12 + log(0/H)/ 7.72 ± 0.02 7.78 ± 0.05 

He/H 0.079 ± 0.005 0.092 ± 0.007 



^ Oxygen abundance corrected for the ionization correction factor ICF(O). 

this correction, the oxygen abundance of S3 becomes 
12 + log( 0/H) = 7.72 ± 0.02 This value agrees with the 
result bv,Kingsburgh & Barlowl (11995. 12 + log(0/H) = 7.70). 
|Lee.eLain200j obtainedl^+ log(0/H) = 7.62 ± 0.05, 
but they did not apply any correction to account 
for the presence of O Our uncorrected value is 

12 + log(0/H) = 7.63 ±0.02. 

To summarize, besides the well-studied Hll region S3, 
ionized by the W03 star DRl, with this study we have 
found a second Hll region in IC 1613 in which we have 



a direct measurement of the electron temperature. The 
oxygen abundances of two Hll regions agree quite well, 
with an average 12 + log(0/H) = 7.73 ± 0.04. We also 
note the good agreement found between nebular and stel- 
lar helium abundances: the mean from the B supergiants is 
He/H = 0.087 ± 0.010, while the weighted mean from the 
H II regions is He/H = 0.083 ± 0.009, 

6. SUMMARY 

In this paper we have presented multi-object spectroscopy 
of young, massive stars that we have obtained in the Local 
Group galaxy IC 1613. We have provided the spectral clas- 
sification and a detailed spectral catalog for 54 OBA stars in 
this galaxy. The majority of the photometrically selected sam- 
ple is composed of B- and A-type supergiants. The remaining 
stars include early O-type dwarfs and the only Wolf-Rayet star 
known in this galaxy. Among the early B stars we have uncov- 
ered 6 Be stars, which constitute the largest spectroscopically 
confirmed sample of this class of objects beyond the Magel- 
lanic Clouds. The radial velocities of all these stars is consis- 
tent with the systemic velocity. Only three stars have clearly 
discrepant velocities, and are identified as foreground objects 
belonging to the Milky Way. Of these, 2 G-type stars clearly 
violate the criterion used for the selection of blue supergiants. 
The third one, an A star in the Galactic halo, has very weak 
metal lines, and would have been flagged as peculiar even in 
the absence of a discrepant radial velocity information. 

Using model atmospheres calculated with FASTWIND we 
have measured chemical abundances for 9 early-B su- 
pergiants, and have found a mean oxygen abundance of 
12 + log(0/H) = 7.90 ± 0.08. This value is comparable 
with the result we obtain for two H II regions in which we 
detect the temperature-sensitive [Olll]A4363 auroral Hne, 
12 + log(0/H) = 7.73 ± 0.04. The agreement extends to the 
helium abundance. The abundance patterns we find for the re- 
maining chemical elements is similar to those measured in B 
supergiants in the slightly more metal-rich SMC. The stellar 
oxygen abundance is very close to the values we have found 
from similar data in the other dwarf galaxies whose blue su- 
pergiants have been studied so far as part of the Araucaria 
project, WLM and NGC 3109. 
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